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Abstract 

 

In this thesis, NiO growth via mist CVD technology is reported. Recently beta- Ga₂O₃ is 

considered as the candidate to be used for future power electronics. However, one of the 

challenges remaining for beta- Ga₂O₃ is the lack of p-type conductivity. Due to the 

difficulty of attaining p-type conductivity in β-Ga₂O₃, our research group has focused on 

the growth of NiO thin films, which offer the advantages of wide bandgap, p-type 

conductivity, and high productivity, through mist CVD, a method known for its 

efficiency in producing oxide semiconductors. The mist CVD method is a cost-effective, 

safe, environmentally friendly, and easily improvable process compared to other thin-film 

deposition techniques. Mist CVD is a relatively simple process that allows for thin film 

growth at atmospheric pressure, eliminating the need for specialized equipment like 

vacuum technology, and its overall structure is straightforward. Additionally, the raw 

materials used in this method are high-purity reagents, which are low in toxicity and risk. 

Therefore, if NiO can be deposited using mist CVD, it could enable the development of 

devices with low environmental impact, low cost, and high productivity. Our research 

group built a custom mist CVD system from scratch to grow NiO thin films. The system 

design required knowledge of mist CVD and other CVD techniques, the construction of 

pipelines for carrier gas, and gas supply cylinders, and the installation of other necessary 

equipment. Using the constructed system, we repeatedly conducted NiO thin film growth 
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experiments and based on the collected X-Ray-Diffraction (XRD) data, NiO was 

successfully grown. 
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Chapter 1. Introduction/Background 

 

1.1 Thin film 

The term thin film refers to the film on the substrate which may be a few nanometers to 

several micrometers [1.1.1]. Figure 1 illustrates the thin film on the substrate. 

 

 

Figure 1. Thin Film 

 

Thin film is used daily and has various characteristics such as electrical, optical, 

magnetic, thermal, mechanical, and chemical. In recent times, transparent conducting 

films (TCFs) are the backbones of numerous modern gadgets and are crucial in realizing 

the future devices involving organic light-emitting devices, smart windows, and touch 

screens for the flexible wearable [1.1.2]. In optical applications, thin films are used in 
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antireflection films for camera lenses and cold mirrors for lighting [1.1.3] Each 

application requires thin films with specific functions, and thus, a wide variety of 

materials are used. In the semiconductor industry, improvement of the quality of thin film 

is important for better device performance. Today’s technology such as smartphones is 

the result of the improvement of thin film growth, integrated circuits, nanotechnology, 

etc. Improvement of thin film growth allows the thinner film and high-quality film which 

result in the improvement of the performance of the electronic devices. 
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1.2 Thin film deposition techniques 

 

Thin film deposition techniques are crucial for depositing thin films onto a substrate and 

there are mainly two types of thin film growth techniques for the vapor deposition 

process which is commonly used in thin film process technology. These are physical 

vapor deposition, PVD, and chemical vapor deposition, CVD. The variety of types of 

PVD and CVD processes are shown in Figure 2. 

 

 

Figure 2. Types of PVD and CVD 

 

Many PVD processes are conducted at pressures lower than atmospheric pressure. 

Conversely, CVD operates at much higher pressures than PVD due to the necessity of 

chemical reactions during the transport process. For those processes, vacuum technology 

is essential for producing thin films with high reproducibility, durability, and uniformity 
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over large areas. Regardless of whether the deposition technique is based on vapor phase 

or liquid phase growth, the general process of thin film deposition consists of three 

fundamental steps: decomposing the raw material into atoms, molecules, or clusters 

(decomposition/evaporation process), transporting these to the substrate (transport 

process), and depositing them onto the substrate surface (deposition process). The key 

contrast between PVD and CVD lies in how the thin film is placed on the substrate. PVD 

involves vaporizing the solid material and condensing it onto the substrate, whereas CVD 

involves the gas or vapor reacting with the substrate to create a solid thin film [1.2.1]. 

The overall process of the vapor deposition process is shown in Figure 3. 

 

 

Figure 3. Process of vapor deposition 

 

As shown in Figure 3, the process of vapor deposition is as follows: 
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Initially, energy sources such as heat, laser, or ion decompose or evaporate the raw 

material. In the case of CVD, where the raw material is supplied as a gas, this 

decomposition process may be considered complete at the raw material. The vapor 

generated in the decomposition/evaporation process is then transported towards the 

substrate within the apparatus. In PVD, the atoms and molecules ejected from the raw 

material during decomposition are typically not controlled but are naturally received by 

the substrate to form a thin film. In CVD, the vapor is mixed with an appropriate carrier 

gas and transported via the gas flow. During this process, the vapor is energized by heat 

or plasma to promote chemical reactions. Finally, the vapor or the reaction products 

deposit onto the substrate to form a thin film. Atoms and molecules adsorbed onto the 

substrate surface lose their kinetic energy from the transport process and diffuse or 

migrate across the surface before settling. During this time, chemical reactions may occur 

to supplement missing components or eliminate excess ones from the vapor, determining 

the crystallinity and composition of the resulting thin film. To control this process, the 

substrate may be heated as necessary. The overall process of vapor phase growth for thin 

films involves these fundamental steps, but there are various variations in the 

decomposition/evaporation and vapor transport processes, each with different names. 

As mentioned earlier, most PVD and CVD processes require vacuum technology. The 

equipment for vacuum processing is expensive and not environmentally friendly. Most of 

the PVD techniques require the vacuum chamber because they require the generation of 

electrons and plasma. In CVD, it is necessary to transport metal elements in the gas 

phase, making materials with high vapor pressure suitable as raw materials. The 
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disadvantage of the CVD process is that it generates hazardous by-products (toxic, 

corrosive or explosive), requiring costly health and environmental safeguards [1.2.2]. 

Additionally, the raw materials used in the CVD process are quite expensive. There are 

still many issues regarding the efficiency of raw material utilization and the uniformity of 

the thin films. 
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1.3 Mist CVD process 

 

Recently, wide bandgap oxide semiconductors such as Ga₂O₃, NiO, and LiGa5O8 are 

considered candidates to be used for future power electronics and optoelectronics. Unlike 

arsenide or nitrides, oxide semiconductors are suitable to be fabricated by green 

chemistry (or green processes), that is, by non-vacuum and solution-based deposition 

methods, because one does not need to be so nervous about oxygen contamination which 

is a fatal problem for non-oxide semiconductor materials. From the standpoint of 

protecting the global environment, it is essential to develop safe raw materials with low 

environmental impact and deposit technologies that consume less energy in forming thin- 

film materials. The mist CVD process is known as a cost-effective, safe process, 

environmentally friendly [1.3.1], and easy to modify among the other thin film deposition 

techniques. Mist CVD is a relatively straightforward process that grows thin films at 

atmospheric pressure, requiring no special equipment such as vacuum technology and 

having a simple structure. It also uses raw materials that are used as high-purity reagents 

with low toxicity and hazard. In other words, it is a safe, inexpensive, and energy-saving 

deposition technique with minimal environmental impact. The key feature of this method 

is its use of micro- and sub-microscale droplets, or "mist," which can be transported as 

liquid and easily vaporized with slight atmospheric changes, exhibiting both liquid and 

gas properties. These properties are particularly beneficial for thin film growth and 

processing. 

Another characteristic of mist CVD is that by simply mixing precursor materials 

that form mixed crystals or dopants into the solution, mixed crystal formation and 
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impurity addition can be achieved. In the case of the widely used MOCVD, Metal- 

Organic Chemical Vapor Deposition, method, the precursors need to be vaporized, which 

imposes vapor pressure constraints. However, in the mist CVD method, where ultrasonic 

atomization is used, numerous precursor materials can be dissolved in the solution, 

broadening the range of material selection. 

Mist CVD has been under development since around 1980 [1.3.2], but significant 

advancements began in 2003 when researchers at the Fujita Laboratory at Kyoto 

University, including the authors, started refining the technique. Their efforts focused on 

producing uniform thin films over large areas by improving the laminar flow of the mist 

gas. Figure 4 shows the materials grown by the mist CVD process. 

 

 

Figure 4. The periodic table highlighted the materials growth by mist CVD [1.3.3] 
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1.4 Wide bandgap semiconductor 

 

In the previous section, the benefit of using the mist CVD process for the growth of the 

thin film of the oxide semiconductor is discussed. Recently, there has been a growing 

focus on studying wide bandgap semiconductor materials for their potential use in next- 

generation power electronics and optoelectronic devices. Wide bandgap semiconductors 

have a larger bandgap than typical semiconductor materials such as silicon (Si: 1.12 eV) 

and gallium arsenide (GaAs: 1.42 eV). Examples of wide bandgap semiconductors 

include gallium nitride (GaN: 3.4 eV), zinc oxide (ZnO: 3.3 eV), and silicon carbide 

(SiC: 3.3 eV). Figure 5 illustrates common binary compound semiconductors' room 

temperature bandgap energies vs. their lattice constants. 

 

 

Figure 5. Semiconductors bandgap energy vs lattice constant [1.4.1] 
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In the semiconductor industry, the wide bandgap semiconductor materials are applicable 

in power devices and optoelectronic devices for high-frequency and high-voltage 

applications. They offer superior properties or enable devices that cannot be realized with 

Si which is the most popular semiconductor material. In the field of optoelectronics, 

unlike Si, which has a bandgap corresponding to the near-infrared region as can be seen 

from Figure 5, the wide bandgap semiconductors have emission and absorption properties 

in the shorter wavelength region, making them suitable for ultraviolet (UV), emission 

devices, or shorter wavelength region. The equation relating the bandgap energy (Eg) to 

the wavelength (𝜆) of the material is given by Equation 1.4.1: 

 
1240 

Eg = 𝑒𝑉 
𝜆(𝑛𝑚) 

1.4.1 

 

From Equation 1.4.1, wide bandgap semiconductors can be used for shorter 

wavelength region applications for optoelectronic devices. 

In the power device field, the critical electric field, Ec, roughly estimated by the 

size of the bandgap is a measure of the material's voltage withstand capability. A 

performance parameter for power devices called the Baliga figure of merit, BFOM, is 

expressed as 𝜖𝜇𝐸3 for low-frequency applications and 𝜖𝜇𝐸2 for high-frequency 
𝑐 𝑐 

applications, where electron mobility: μ (cm^2/Vs), dielectric constant: ε (F/cm), and 

critical electric field: Ec (V/cm). BFOM is determined by physical constants and 

increases in proportion to 𝐸3 or 𝐸2 depending on low or high-frequency applications. 
𝑐 𝑐 

Since the breakdown electric field has a positive bandgap coefficient, meaning the 

breakdown electric field increases with increasing value of bandgap, using wide bandgap 
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semiconductors enables high-voltage, high-current control with low energy loss. Typical 

power device applications of wide bandgap semiconductors include field-effect 

transistors (FET), Schottky barrier diodes (SBD), and high electron mobility transistors 

(HEMT). 
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1.5 NiO 

 

Recently, beta gallium oxide (𝛽- Ga₂O₃) has emerged as a candidate for future generation 

power electronic devices, with ultrawide bandgap (≈4.9 eV), [1.5.1-1.5.3] high critical 

electric field (7– 8 MV cm−1), [1.5.4], n-type doping [1.5.5-1.5.9]. One of the challenges 

in the practical application of 𝛽- Ga₂O is the realization of p-type conductivity. Since 

achieving p-type for beta 𝛽- Ga₂O₃ is difficult, this thesis focuses on NiO as a material 

that combines the benefits of oxide semiconductors, such as a wide bandgap, p-type 

conductivity, and high productivity using the mist CVD process. NiO is a wide bandgap 

oxide semiconductor that has 3.6-4.0 eV [1.5.10] and has characteristics of stability, 

switchable electrical and optical properties, and p-type conductivity. Due to its excellent 

electrochemical stability and low material cost, this antiferromagnetic transition metal 

oxide semiconductor is expected to have various applications in optical and electrical 

devices. NiO thin film has potential applications such as electrochromic coatings 

[1.5.11], resistance switching[1.5.12], gas sensing[1.5.13], p-type transparent 

conductors[1.5.14-15], organic photovoltaics[1.5.16-17], Photocathode for a 

SolarCell[1.5.18] and Electrochromics for smart windows[1.5.19]. NiO thin film has 

been grown by several techniques including sputtering [1.5.12-15], chemical solution 

deposition [1.5.16-17], chemical vapor deposition[1.5.20], atomic layer 

deposition[1.5.21], and thermal evaporation[1.5.22]. NiO is rare among oxide 

semiconductors in that it exhibits p-type conductivity. P-type materials are necessary for 

device applications, making research on NiO growth important. Additionally, if NiO can 

be deposited using the mist CVD method, it would enable the realization of devices with 
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low environmental impact, low cost, and high productivity. Figure 6 shows the crystal 

structure of NiO. Due to a strong electron correlation in 3d orbitals, NiO has an optical 

bandgap of 3.4–4.0 eV [1.5.23]. 

 

 

Figure 6. NiO crystal structure [1.5.23] 



14  

1.6 Purpose of this thesis and structure 

 

Oxygen makes up 20% of the Earth's atmosphere, and all substances are ultimately 

oxidized. As a result, many oxide materials are extremely stable on the earth. This thesis 

focuses on the study of the theory of the mist CVD mechanism and aims to explore the 

growth of NiO thin film using the mist CVD process. The purpose of this thesis is to 

establish the fabrication technique for NiO thin film using the mist CVD process and 

characterize the NiO thin films grown by the mist CVD process. From an environmental 

perspective, this will certainly contribute to the society. It also serves as a guideline for 

future thin film growth development and has the potential to be used for future power and 

optoelectronics device applications. The structure of this thesis is as follows: 

In Chapter 2, the theory of the mist CVD technique is discussed. This chapter digs deep 

into the mechanism and theory behind the mist CVD technique. In Chapter 3, the 

characterization method used in this thesis is discussed. In Chapter 4, the experimental 

setup of the mist CVD, the growth condition, and the experimental result of the NiO thin 

film are discussed. Finally, Chapter 5 discusses the summary of this thesis and the 

potential future work for this topic. 
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Chapter 2. Theory of mist CVD 

 

In the previous chapter, the importance of enhancing the thin film growth process was 

discussed, highlighting mist CVD technology as a promising solution to the 

environmental and economic challenges posed by other thin film growth techniques. This 

chapter will delve into the mechanism of the mist CVD growth process, its 

characteristics, and provide a theoretical review of the mist CVD process. 

 

 

2.1 Mist vs Spray 

 

To explain the mist CVD process, understanding the mist itself is important. The term 

"mist” has been commonly used in daily life such as ultrasonic diffusers, humidifiers, 

beauty devices, etc. Mist refers to liquid droplets or their aggregates suspended in the air 

without any velocity. While the term spray also refers to liquid droplets, they imply 

applying liquid droplets by spraying. Although both refer to liquid droplets, their states 

differ significantly. This distinction, often overlooked, is crucial in this thesis for thin- 

film growth and is highly valued. The difference between mist and spray is illustrated in 

Figure 7. 
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Figure 7. Mist deposition vs spray deposition 

 

Mist deposition has the characteristics that mist has zero velocity and almost all solvents 

evaporate before arriving onto the substrate. This characteristic leads to flat surface films 

and layered structures. On the other hand, spray deposition has the characteristic that 

droplets directly adhere to the substrate with high velocity. This leads to limited 

migration on the surface and the surface tends to be rough. For this reason, mist 

deposition has an advantage over spray deposition because of its ability to control 



21  

2.2 Mist CVD (equipment and approach) 

 

In the mist CVD process, a solution is made into a mist by applying ultrasound wave 

energy and carried by a carrier gas, and a thin film is deposited through thermal 

decomposition. Mist droplets produced are particularly small, so they can stay in the air, 

and be transported or move through laminar flow like a gas. Figure 8 shows the 

schematic of the mist CVD process. 

 

 

 

Figure 8. Schematic of mist CVD 

 

The mist CVD technology used in this thesis employs an ultrasonic approach. This 

technique utilizes a piezoelectric element to atomize liquid (the propagation medium) 

[2.2.1]. The vibrations generated by the piezoelectric element create pressure differences 

in the liquid, propagating through it. Most of the vibrational energy is lost at the liquid 

surface, causing it to vibrate. As the vibration increases, the liquid surface is lifted, and if 
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the vibrations are strong enough, the surface tension is overcome, causing the liquid to 

split. The droplet size depends on the frequency of the surface waves, which is 

determined by the natural frequency of the piezoelectric element [2.2.2]. Equipment used 

in mist CVD is divided into two main parts: the raw material supply section and the film 

deposition section. Figure 8 illustrates the two main parts of the mist CVD process. The 

raw material supply section is responsible for atomizing the precursor solution into mist 

and transporting it to the deposition section using a carrier gas. In this thesis, oxygen and 

Ar are used for carrier gas. The film deposition section heats the transported mist to 

promote chemical reactions for thin film formation. 

Ultrasonic particle generator as shown in Figure 8 generates mist from the 

solution. This method can produce uniform droplets with sizes around a few micrometers. 

The ultrasonic methods generate droplets with very low initial velocities, allowing the 

small droplets to remain suspended in the air. The explanation of the principle of 

ultrasonic atomization is as follows. When ultrasonic vibration energy is applied to a 

liquid, it creates capillary waves (capillary waves) and cavitation (cavity phenomenon) on 

the liquid surface or inside the liquid, with frequencies specific to the liquid. Countless 

capillary waves are formed on the liquid surface. When the amplitude of these waves 

becomes greater than the surface tension or gravity of the liquid, the liquid undergoes 

regular splitting, resulting in atomization of the liquid. Additionally, it has been reported 

that the surface tension of water decreases due to capillary waves, making it more likely 

to become mist-like. Various theories have been proposed for the principle of liquid 

atomization by ultrasonic waves [2.2.3], but the above principle is the most plausible 
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among them. In general, since the sound source is planar, spatial variations in sound 

pressure occur depending on the frequency, resulting in directionality. This allows for 

much more efficient sound convergence and misting than audible sound. Figure 8 also 

shows the schematic of the mist generator. An ultrasonic transducer forms the mist 

particles from a precursor solution that is mixed with a metal salt such as Ni(acac)2 and 

de-ionized water. The atomized mist is then transferred to the reactor by a carrier gas 

such as Ar and oxygen. In the thermal decomposition regions, the oxide layer is deposited 

on the surface using vaporized precursors following the ordinary CVD mechanism. 
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2.3 Theoretical review of Ultrasound wave 

 

Since an ultrasonic mist generator is used in this thesis, which utilizes ultrasound waves, 

the theoretical review of ultrasonic sound waves is important. Ultrasonic sound waves 

propagate through mediums such as gases, liquids, and solids. However, it cannot travel 

through a vacuum as there is no medium, which is a significant difference from 

electromagnetic waves. One of the key characteristics of ultrasound is that it propagates 

better through liquids and solids than through air, unlike electromagnetic waves, which 

struggle in such mediums. This property of ultrasound offers valuable insights for its 

applications. The range of frequencies of the ultrasonic sound is shown in Figure 9. 

 

Figure 9. Range of sound [2.3.1] 

 

Sounds of frequency above 16 kHz are referred to as ultrasounds, and sound frequencies 

below 16 Hz are infrasound. A sound wave is a longitudinal wave. The velocity and 

acceleration of ultrasonic sound waves in liquid is given in Equation 2.3.1: 
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v = 𝜔𝜇 =  𝛫 
√

𝜌
 

2.3.1 

 

 

 

Where: 

K = bulk modulus = 𝜌 
𝑑𝑝

 
𝜌 

Equilibrium density and pressure are expressed as 𝜌 and p respectively. 

Acceleration is given by Equation 2.3.2: 

a = 𝜔2𝐴 2.3.2 

 

Where: 

 

𝜔 = 2𝜋f. 

 

f is the frequency. 

 

A is the amplitude and is given by Equation 2.3.3: 
 

 
 

 

A = 
1  

√ 
𝐼
 

2𝜋f 𝑍0 

2.3.3 

 

Where I = intensity(W/m^2) and 𝑍0= impedance of sound. As shown in Equation 2.3.2 

and Figure 9, due to the high frequency of ultrasonic sound waves, their acceleration is 

greater compared to human-hearing sound. Unlike low-frequency human hearing sound, 

high-frequency sound exhibits directivity. Since the sound source is not essentially a 

point source, the sound waves radiated from the source interfere with each other in space, 

resulting in variations in sound pressure in the propagation space. This is the directivity 

of sound. The larger the dimensions of the sound source compared to the wavelength, the 



26  

sharper the directivity becomes. This is why using larger speakers generally improves 

sound quality and the sense of presence, due to this directivity. Additionally, when 

compared to electromagnetic waves, even the fastest sound waves have a speed of only a 

few thousand meters per second, so wavelengths can be shortened even at low 

frequencies. Therefore, compared to electromagnetic waves, sound waves can more 

easily achieve sharp directivity. 
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2.4 Theoretical review of mist particle behavior 

 

The size of the mist particle is important as it affects the growth rate and thin film quality. 

The diameter of the mist particle is given by Lang’s formula which is given by Equation 

2.4.1 [2.4.1]: 
 

 
1 

d = 0.68( 
𝜋𝛼 

)3 
𝜌𝑓2 

2.4.1 

 

where: 

 

𝛼 is the surface tension. 

 

𝜌 is the liquid density. 

f is the frequency. 

In this thesis, the frequency is set to 2.4MHz and the size of the particles is about 3um. It 

is noted that Lang’s formula is valid up to 3MHz. Above 3MHz, it is reported that 

particles do not change their size that much. The number 0.68 came from the 

experimental data [2.4.1]. Kinetics of the mist particle is given by the Equation 2.4.2 

[2.4.2]: 

 
𝜋 
𝑑3𝜌 

𝑑𝑣⃗  
= 

3𝜋𝜂𝑔𝑑
(𝑢  − 𝑣⃗ )+

𝜋 
𝑑3𝜌 

𝑑𝑢  
+ 

𝜋 
𝑑3𝜌 (

𝑑𝑢  
− 

𝑑𝑣⃗  
)+ 

6 𝑑𝑡 𝐶𝑐 6 𝑔 𝑑𝑡  12 𝑔 𝑑𝑡 𝑑𝑡 

1 ′ 
3 𝑑2(𝜋𝜌 𝜂 )2 ∫

𝑡 
[
𝑑𝑢  

− 
𝑑𝑣⃗  

]  
𝑑𝑡 

+  𝐹⃗⃗⃗    +  𝐹⃗⃗⃗        
2 𝑔  𝑔 𝑡0  𝑑𝑡′ 𝑑𝑡′ 1 𝐸 𝑁𝑈 

(𝑡−𝑡′)2 

2.4.2 

 

Where: 

 

𝑑 is the diameter of the particle. 

 

𝑣⃗ is the velocity vector. 
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𝑢 is the fluid velocity vector. 

 

𝜌 is the density of the particle. 

 

𝜌𝑔 is the density of the fluid. 

 

𝜂𝑔 is the viscosity of the fluid. 

 

𝐹⃗⃗⃗𝐸 is the external force. 

 

𝐹⃗⃗⃗𝑁𝑈 is the external forces that cause motion due to the heterogeneity of the medium. 

 

𝐶𝑐is the Cunningham correction factor, and it is a dimensionless number representing the 

degree of gas dilution, which is expressed as a function of the Knudsen coefficient. Cc is 

given by Equation 2.4.3 [2.4.2]: 

 

𝐶𝑐 = 1 + 𝐾𝑛{1.257 + 0.4exp (
−1.1

)} 
𝐾𝑛 

Where Kn = 2
𝜆𝑔 

is the Knudsen coefficient. 
𝑑 

 

The left side of the Equation 2.4.2 represents inertia. The representation of the right side 

of Equation 2.4.2 is as follows: 

1st order = fluid resistance. 

 

2nd order = The force acting when particles accelerate or decelerate a fluid. 

 

3rd order =The force associated with the acceleration or deceleration of the apparent mass 

of particles. 

4th order = The Basset term represents the change in total momentum gained by the fluid 

when particles are accelerated. 

5th order = external force such as gravity. 
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6th order = external forces that cause motion due to the heterogeneity of the medium, such 

as Brownian motion or migration. 

When u = 0, t = 0, and v = 0 (stationary condition under gravity), the 4th order (Basset 

term) can be ignored since it is stationary. Particle starts to fall due to gravity and the 

motion is one-dimensional (gravity force). External force is given by Equation 2.4.3: 

 
𝜌𝑔 

𝐹⃗⃗⃗𝐸  = m(1 − 
𝜌 

)g 
2.4.3 

 

Where (1-𝜌𝑔/𝜌 represents surrounding fluids). 

 

By assuming the particle is spherical, mass is given by Equation 2.4.4: 
 

 

m’= m (1-
𝜌𝑔

) 
2𝜌 

2.4.4 

 

Where: 

 

m’ is the apparent mass. The apparent mass of particles is influenced as if they were 

subjected to only half the mass of the fluid displaced by the sphere. 

Now Equation 2.4.2 simplifies to Equation 2.4.5: 
 

 

𝑑𝑣⃗ 3𝜌𝑔𝑣⃗2𝐶𝐷 (𝜌 + 𝜌𝑔)𝑔 
= 

𝑑𝑡 4(𝜌 + 𝜌𝑔)𝑑𝐶𝑐 (𝜌 + 𝜌𝑔/2) 

2.4.5 

 

By using 𝜏 (tow), (saturation time of the velocity of the particle) Equation 2.4.5 is further 

simplified to Equation 2.4.6.: 
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𝑑𝑣⃗ 1 (𝜌 + 𝜌𝑔)𝑔 
𝑣⃗ = 

𝑑𝑡 𝜏 (𝜌 + 𝜌𝑔/2) 

2.4.6 

 

Where 𝜏 = 
𝑑2(𝜌+𝜌𝑔/2)𝐶𝑐 

18𝜂 
is the saturation time. 

Using Equation 2.4.6, the saturation time and velocity of the particle due to gravity can 

be obtained. It is important to determine the flow rate of the carrier gas by considering 

the above equation since the factor of the deposition rate of the thin film is known to 

depend on the substrate temperature and flow rate. 
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Chapter 3 Characterization method 

 

In this thesis, XRD (X-ray diffraction), Hall effect measurements, and SEM (scanning 

electron microscope) are used to determine the characteristics of the NiO thin film. 

 

3.1 X-ray diffraction (XRD) 

 

X-ray diffraction (XRD) is a common measurement method used to evaluate the crystal 

structure of thin films. It is also known as X-ray crystallography. This measurement 

technique determines how atoms are arranged within the crystal. Inside the crystal, atoms 

are periodically and regularly arranged, forming a spatial lattice with intervals going from 

several angstroms to several nanometers. When X-rays, electromagnetic waves with 

wavelengths of about 1 pm to 10 nm, are incident, the crystal lattice diffracts and scatters 

the X-rays. The scattered X-rays interfere with each other, reinforcing waves in specific 

directions. By detecting these diffracted X-rays with a detector, the crystal structure of 

the sample can be examined. Figure 10 shows the necessary conditions for the occurrence 

of constructive interference. 
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Figure 10. Bragg’s law 

 

When X-rays are incident on a crystal with a spacing of 𝑑, as shown in Figure 10, the 

waves interfere and reinforce each other when the angle of incidence and reflection 

match a certain angle. This condition, known as Bragg's law, occurs when X-rays of a 

specific wavelength strike a crystal at particular angles, causing the scattered X-rays to 

interfere constructively and produce a strong reflected beam. The equation for describing 

Bragg’s law is given by Equation 3.1.1: 

 

2dsinθ = nλ 3.1.1 

 

When Equation 3.1.1 meets, the scattered light interferes constructively, allowing the 

diffracted light to be observed. In this thesis, an omega-2theta scan is used as shown in 

Figure 11. 
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Figure 11. Omega-2theta scan 
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3.2 Hall effect measurement 

 

Hall effect measurement is also a common measurement method that utilizes the Hall 

effect. The Hall effect is a consequence of the forces that are exerted on moving charges 

by electric and magnetic fields [3.2.1]. By applying a current and a magnetic field to a 

sample, the resistivity, carrier density, and Hall mobility can be extracted. Figure 12 

shows the schematic of the Hall effect measurement. 

 

 

Figure 12. Hall effect measurement [3.2.1] 

 

When the carrier of charge, q, moves with velocity, v, in a magnetic field, B, where v is 

in the x direction and B is in the z direction in Figure 12, Lorentz force will exert as 

shown in Figure 12. The equation of the Lorentz force is given by Equation 3.2.1: 

 

F = qv × B 3.2.1 

 

Where: 
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F is the force. 

 

q is the electron charge. 

v is the drift velocity. 

B is the magnetic field. 

 

When the carrier of charge is in an electric field, E, the total force is given by Equation 

3.2.2: 

 

F = qE + qVB 3.2.2 

 

Where: 

E is the electric field. 

V is the Hall Volage. 

The induced electric field in the y direction is called the Hall field and produces Hall 

Voltage. The equation is given by 3.2.3: 

 

V = EW = vBW 3.2.3 

 

Where: 

W is the width of the sample. 

v is the drift velocity. For p-type semiconductor, the drift velocity of holes is given by 

Equation 3.2.4: 
 

v = J/qp = I/qp(Wd) 
3.2.4 

 

Where: 

 

J is the current density. 

 

p is the hole concentration. 
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d is the thickness of the sample. 

 

By substituting the Equation 3.2.4 into the Equation 3.2.3, Equation 3.2.3 becomes 

Equation 3.2.5: 

 

V = I*B/(qpd) 3.2.5 

 

From the Equation 3.2.5, hole concentration is given by Equation 3.2.6: 
 

 

p = I*B/(qdV) 3.2.6 

 

For p-type semiconductors, the current density is given by Equation 3.2.7: 

 

J = qp𝜇E 3.2.7 

 

From Equation 3.2.7, hole mobility is given by Equation 3.2.8: 

 

𝜇 = IL/(qpVWd) 3.2.8 

 

The details of the derivation of Equation [3.2.1-3.2.8] can be found [3.2.2]. In this thesis, 

the Ecopia Hall effect measurement system is used for NiO characterization. 
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3.3 Surface morphology characterization via SEM 

 

Electron microscopes are mainly divided into two types: Transmission Electron 

Microscopes (TEM) and Scanning Electron Microscopes (SEM). In recent years, the 

Scanning Transmission Electron Microscope (STEM) has also garnered attention and was 

used as one of the methods to evaluate thin films. In this thesis, SEM is used to check the 

surface morphology of NiO thin film. SEM focuses on an electron beam generated from 

an electron source and scans it in two dimensions over the sample to obtain images from 

the signals generated. When the electron beam is irradiated in a vacuum, it generates 

signals such as Secondary Electrons (SE), Backscattered Electrons (BSE), X-rays, 

fluorescence, and absorbed electrons as shown in Figure 13. SE provides surface 

information, BSE provides compositional information, and X-rays provide elemental 

information. By imaging these signals, detailed images can be obtained, allowing the 

observation of the structures of the thin film. 
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Figure 13. Schematic of SEM image 
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3.4 X-ray Photoelectron Spectroscopy (XPS) 

 

 

XPS is a technique for analyzing a material’s surface chemistry. XPS can measure 

elemental composition as well as the chemical and electronic state of the atoms within a 

material [3.4.1]. XPS utilizes the photoelectric effect. In this method, X-rays are directed 

at the surface of a sample, causing the emission of photoelectrons from the material. By 

measuring the kinetic energy of these emitted photoelectrons, it can determine the 

elemental composition, chemical state, and electronic state of the atoms within the top 

layers of the material. The theory of the photoelectric effect is shown in Figure 14. 

 

 

 

 

Figure 14. XPS theory 
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By measuring the kinetic energy of photoelectrons emitted from the solid surface due to 

X-ray excitation, it is possible to observe the energy change associated with the transition 

from the ground state to the excited state in the photoemission process. In the 

photoemission process, the energy change associated with the transition from the ground 

state to the excited state can be observed. This transition occurs when an electron absorbs 

the energy from an incoming X-ray photon, leading to its ejection from the atom. The X- 

ray must be low energy and have less transmission to be used in XPS measurement. 

Aluminum (Al Kα) and Magnesium (Mg Kα) are commonly used as X-ray sources in 

XPS due to their suitable energy levels [3.4.2]. Figure 15 shows the mechanism of 

photoelectron generation. 

 

 

 

 

Figure 15. Mechanism of photoelectron generation 

 

From the conservation of energy principle, Equation 3.4.1 can be obtained [3.4.3]: 
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𝑘 

𝑘 

 

𝐸𝑖(N) +hν =𝐸𝑘+𝐸𝑓(N − 1) 3.4.1 

 

Where: 

𝐸𝑖(N) is the energy of the first state. 

 

hν is the energy of the light. 

𝐸𝑓(N − 1) is the energy of the final state. 

 

𝐸𝑘 is the energy of the photoelectron. 

The binding energy, 𝐸𝐵, can be defined by subtracting the energy of the first state from 

the energy of the final state. Binding energy is given by Equation 3.4.2: 

 

𝐸𝑓(N − 1) − 𝐸𝑖(N) = 𝐸𝐵 3.4.2 

 

The kinetic energy of photoelectrons in a vacuum, 𝐸′ , is given by Equation 3.4.3: 
 

 
𝐸′ = 𝐸𝑘 − 𝑊 
𝑘 3.4.3 

 

Where: 

W is the known work function of the atom. 

By substituting Equation 3.4.2 and Equation 3.4.3 into Equation 3.4.1, Equation 3.4.4 can 

be obtained: 

 
𝐸𝐵 = hν − 𝐸′ − 𝑊 

𝑘 3.4.4 

 

Where: 

𝐸′ = 𝐸𝑘 − 𝑊 is the measurement result from the XPS. 
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W is the known work function of the atom. 

hν is the known energy from the X-ray source. 

 

While SEM can also provide information about the composition of a material, it uses a 

different type of beam that has greater penetration depth compared to the X-ray beam 

used in XPS. Because of this, XPS is superior for extracting detailed surface information, 

making it a more suitable technique for analyzing surface chemistry and detecting thin 

surface layers. 
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Chapter 4 NiO growth 

 

4.1 Mist CVD process setup 

To grow NiO thin film, an original mist CVD setup is built as described in the schematic 

in Figure 8. The experimental setup used in this thesis is shown in Figure 16. 

 

Figure 16. Experimental setup 
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As shown in Figure 16, two mass flow controllers are used for Ar and oxygen as the 

carrier gases. The main equipment, as illustrated in Figure 16, used in this thesis is listed 

in Table 1. 

Equipment Maker 

Ultrasonic particle generator Ultrasonic 241PGT Particle Generator 

makes Micron and Sub-Micron Droplets 

Two mass flow controllers Aalborg Totalizer For Gas Mass 

Flowmeters And Controllers With Input 

And Output 

Furnace Thermo Scientific Lindberg/Blue M Mini- 

Mite Tube Furnace with A Controller, 

120V 

Table 1. The main equipment used in this thesis 
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4.2 Growth conditions/procedure 

The growth condition used in this thesis is summarized in Tale 2. 

 

Substrate c-sapphire 

Nickle source 0.308 g Ni(acac)2 96% 

Solution concentration 0.02M 

Solvent EDA (1mL) + H2O (60mL) 

Growth temperature(C) 700 

Growth time(hr) 1 

Carrier gas flow rate Ar (3L/min) and Oxygen (0.2L/min) 

Water carrier to stream distance 5 cm 

Table 2. NiO growth condition 

 

C-plane sapphire substrates are used in this thesis. EDA, Ethylenediamine, is added for 

better resolution. The growth temperature is set to 700 degrees Celsius. A wafer carrier is 

put on the furnace. It has four positions to place each substrate as shown in Figure 17. 

 

Figure 17. Wafer carrier 
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4.3 Result 

The Ecopia hall measurement result shows that the sample is insulating. Therefore, 

carrier concentration, mobility, and conductivity of the NiO thin film are not obtained. 

Figure 18 shows the XRD result from position 1 of the wafer carrier grown according to 

the Table 2 condition. 

 

 

Figure 18. XRD result 

 

The vertical axis represents intensity, and the horizontal axis represents 2θ. The 

measurement conditions were set to 2θ/ω targeting the thin film. The sample shows that a 

peak derived from NiO(111) was successfully detected. The SEM images of the sample 

corresponding to positions 1 and 2 are shown in Figure 19 and Figure 20. 
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Figure 19. SEM position 1 
 

 

Figure 20. SEM position 2 

 

By comparing Figure 19 and Figure 20, Figure 20 shows that the surface becomes rough 

as the position changes. This indicates that thin film is not deposited uniformly. 
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XPS result is shown in Figure 21. 
 

 

Figure 21. XPS result 

 

The XPS measurement result shows that nickel composition decreases as the position 

increases. This indicates that the deposition rate of nickel decreases therefore thickness of 

the thin film also decreases. Figure 21 shows that positions two, three, and four have an 

aluminum composition. This aluminum composition came from the X-ray source from 

the XPS measurement. Since the thickness of positions two, three, and four are too thin, 

which is not measurable as it is too thin (must be below 50nm), the Al composition had 

been obtained. 
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Chapter 5 Conclusion and Future Work 

 

In this thesis, the mist CVD process's mechanism is discussed and NiO thin film's growth 

is successfully observed. XRD, XPS, and SEM results ensured NiO thin film was grown 

on the c-sapphire substrate. The main challenge encountered in this thesis is the lack of p- 

type conductivity and uniform deposition of the sample. The possible future work for this 

topic is: achieving p-type conductivity of NiO thin film, higher growth rate, and 

uniformity of thin film deposition. If uniformity and higher growth rate of NiO thin film 

growth might be achieved by changing the design of the mist CVD, that might lead to the 

commercial usage of the mist CVD process. It is also interesting to build the simulation 

for the mist CVD process by using the equations described in section 2.3 and 2.4. 
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